The discovery of Math1 expression in the developing The proprioceptive system provides continuous posispinal cord raised questions about its function in this tional information on the limbs and body to the thalastructure and whether that function is relevant to the mus, cortex, pontine nucleus, and cerebellum. We integrity of the proprioceptive pathway. The developing showed previously that the basic helix-loop-helix trandorsal neural tube gives rise to neural crest cells (which, scription factor Math1 is essential for the development in turn, give rise to sensory neurons, among other cell of certain components of the proprioceptive pathway, types), roof plate cells, and associate (ipsilateral) and including inner-ear hair cells, cerebellar granule neucommissural (contralateral) interneurons (Lee and Jesrons, and the pontine nuclei. Here, we demonstrate sell, 1999). In the mature spinal cord, axons from both that Math1 null embryos lack the D1 interneurons and ipsilateral and contralateral interneurons form asthat these interneurons give rise to a subset of propriocending tracts projecting to the thalamus, brainstem, ceptor interneurons and the spinocerebellar and cuand cerebellum, carrying proprioceptive and exterocepneocerebellar tracts. We also identify three downtive information. Three populations of interneuronal prestream genes of Math1 (Lh2A, Lh2B, and Barhl1) and cursors are specified in the dorsal spinal cord and can establish that Math1 governs the development of mulbe distinguished by the expression of developmentally tiple components of the proprioceptive pathway. regulated transcription factors. As shown in Figure 1B , expression of Lh2A/Lh2B (Lim homeodomains 2A and 2B, respectively) defines the most dorsal group, the Introduction Lh2A-positive D1A and Lh2B-positive D1B interneuron precursors; Islet1 (Isl1) expression defines the second The sensory system carries information from internal group, the D2 interneuron precursors; and lim1/2 exand external receptors to the central nervous system pression defines the most ventral group of the dorsal (CNS), where this information is processed to direct spinal cord, the D3 interneuron precursors (Liem et al., movement. The sensory pathways can be divided into 1997). It is unknown, however, which precursor populaexteroceptive and proprioceptive: the former mediates tion (D1, D2, or D3) contributes to which population sensations of touch, temperature, and pain, while the of neurons in the spinal cord. Limited data-namely, latter mediates positional information (i.e., the position coexpression of Lh2 with commisural interneuron-speof body parts with respect to each other 
), whereas expression in the ventral domain is stronger than dorsal expression at pathfinding genes DCC and TAG1, further supporting the notion that Math1 is involved in D1 interneuron prethat stage (arrowhead, Figure 2G ). Although lacZ/␤-gal expression projects ventrally and accumulates in the cursor development (Helms and Johnson, 1998) .
In this study, we demonstrate that in the absence of deep dorsal horn ( Figures 2G and 2I ), Math1's RNA expression flanks the roof plate at that age ( Figure 2I , Math1, the precursors to the D1 interneurons fail to be specified and that the D1 interneuron precursors give inset). These observations indicate that cells arising from the Math1-positive domain first express lower levrise to interneurons whose axons form the spinocerebellar tracts. els of Math1 and then migrate ventrally between E9.5 and E12.5. The stability of the ␤-gal protein allows Math1/lacZ expression to remain detectable in these Results cells during their migration to the deep dorsal horn. By E13.5 lacZ expression in the dorsal spinal cord is Math1 Is Required for Ventral Migration of D1 Interneuron Precursors and for a downregulated in a rostral/caudal manner, which is reminiscent of the spatial development of the spinal cord.
Subpopulation of Commissural Interneurons
To gain insight into Math1's role in the development of LacZ expression in Math1 ␤-Gal/␤-Gal embryos is significantly different from that observed in Math1 ␤-Gal/ϩ emthe dorsal spinal cord, we studied whole-mount and horizontal sections through the spinal cord for lacZ exbryos. Expression begins at E9.5, but by E10.5 it appears to be dorsal with no apparent ventral projections (Figure pression in the knock-in Math1 ␤-Gal/ϩ and Math1 ␤-Gal/␤-Gal embryos from E9.5 to E14.5. (Throughout this report, 2B). By E11.5, some ventral lacZ projections are visible, but dorsal lacZ expression flanking the roof plate prewe use the term "lacZ expression" to signify the X-gal reaction product.) In the Math1 ␤-Gal knock-in allele, the dominates ( Figure 2D ). Significantly fewer lacZ-positive axons cross the floor plate in Math1 ␤-Gal/␤-Gal embryos Math1 coding region is replaced by the coding region of ␤-galactosidase. Thus Math1 ␤-Gal/␤-Gal mice are null for than in heterozygous animals ( Figure 2F ). At E12.5, most of the lacZ-stained cells remain at the dorsal aspect of MATH1 (Ben-Arie et al., 2000). We first detected Math1/ lacZ expression in Math1 ␤-Gal/ϩ embryos at E9.5 adjacent the spinal cord in the Math1 ␤-Gal/␤-Gal animals, in contrast to the few lacZ-stained cells observed in the Math1 ␤-Gal/ϩ to neural tube cells that give rise to neural crest and roof plate cells (Ben-Arie et al., 2000) . Expression bilateral animals ( Figures 2G-2J) . Similarly, intense ␤-gal immunoreactivity adjacent to the roof plate in Math1 ␤-Gal/␤-Gal to the roof plate is apparent by E10.5, with ventrally embryos was apparent at E12.5 ( Figure 2J ). We observed no lacZ-positive cells in the deep dorsal horn of the spinal cord of the Math1 ␤-Gal/␤-Gal animals, although a few ventrally projecting lacZ-positive axons are detected ( Figures 2F and 2H) .
Because there are ventrally projecting lacZ-positive axons in both Math1 ␤-Gal/ϩ and Math1 ␤-Gal/␤-Gal embryos at E11.5 and E12.5, and expression of a Math1/lacZ transgene colocalizes with the commissural interneuron-specific markers DCC and TAG1 (Helms and Johnson, 1998), we analyzed the expression of these markers at E11.5 and E12.5. We found no obvious differences in either DCC or TAG1 expression between wildtype and Math1 ␤-Gal/␤-Gal embryos ( Figure 2K and 2L, and data not shown). Because of the marked reduction in lacZpositive commissural interneurons in Math1 ␤-Gal/␤-Gal embryos, however, we cannot exclude the possibility that a subpopulation of these cells may be absent. Given the absence of the LH2A and LH2B expression stages for apoptosis, BrdU incorporation, expression of a mitotic marker, and expression of developmentally in the D1 interneuron precursors, we sought to deterregulated genes. mine whether other D1-specific genes such as Barhl1
Loss of Expression of
Analysis of cell proliferation using BrdU incorporation are also affected. A member of the Bar family of tranand the mitotic marker anti-phosphohistone H3 antiscription factors, BarH-like 1 (Barhl1), was recently body revealed no obvious differences between wildshown to be expressed in similar domains as Math1, type and Math1 nulls from E11.5 to E13.5, nor did analyincluding inner-ear sensory epithelia, the EGL of the sis of cell death using TUNEL reveal any differences in cerebellum, the pontine nucleus, and the dorsal spinal apoptosis. These results suggest that loss of Math1 5H ). These data, together with the lack of change 4E and 4F) in both wild-type and Math1 null embryos.
in Ngn1 or Gdf7 expression, indicate that D1 interneuron trkA is expressed in small-diameter nociceptive neurons precursors do not become D2 interneuron precursors (Ma et al., 1998; Martin, 1996) , whereas trkC is expressed in the absence of Math1. in large-diameter neurons mediating mechanoreception Previous studies on dissociated dorsal spinal cord and proprioception Martin, 1996 Like LH2A and LH2B, Barhl1 is not expressed in the the expression of LH2A, LH2B, and Barhl1 in D1 cells after they migrate, we were able to trace the migration absence of Math1. This further supports the notion that D1 interneuron precursors fail to differentiate. It is interof Math1-expressing cells to the deep dorsal horn of the spinal cord. These cells were absent in Math1 null esting to note that Barhl1 is also expressed in other regions where Math1 is expressed, e.g., the cerebellar embryos. In adult mice, this region of the spinal cord contains the spinocerebellar (caudal) and cuneocerebelgranule neurons and pontine nucleus (Bulfone et al.,  2000) . Whether Barhl1, LH2A, or LH2B are directly inlar (rostral) tracts, which project to the cerebellum and (Sasai, 1998 ␤-Gal/␤-Gal knockHorizontal sections from E10.5 to E13.5 wild-type and Math1 null in mice were generated by replacing the Math1 ORF with a ␤-galacembryos were studied using Roche-Boehringer Mannheim in situ tosidase (␤-gal) reporter gene so that ␤-gal is expressed in all cells cell death detection (TUNEL) kit. Briefly, 12 m cross sections were that express Math1 (Ben-Arie et al., 2000) . cut on a cryostat and air dried 20 min at RT before lysing and reacting as described in the protocol. Sections were counterstained LacZ Staining and Genotyping of Embryos with TOTO-3 iodide (Molecular Probes, Eugene, OR) and viewed Whole-mount lacZ staining was carried out on embryos at stages under fluorescent microscopy. E9.5 to E14.5, as previously described (Ben-Arie et al., 2000) . Pregnant females were sacrificed by cervical dislocation; embryos were DiI Labeling dissected in ice-cold PBS and fixed for 30 min in 4% paraformaldeThe lipophilic dicarbocyanine dye, DiI, was injected directly into hyde (PFA) before lacZ staining overnight at 30ЊC (Ben-Arie et al., the cerebellum to label some, but not all, external cuneate/inferior 1997; Bermingham et al., 1999) . After staining, embryos were postvestibular nucleus of four Math1 ␤-Gal/␤-Gal , four wild-type, and eight fixed overnight in 4% PFA before embedding in paraplast; 10-45 Math1 ␤-Gal/ϩ E19.5 embryos. DiI was allowed to diffuse for 4 days at m sections were cut using a microtome.
36ЊC. Injected brains were embedded in gelatin, hardened in 10% PFA and sectioned on a vibratome at 100 m. Sections were mounted in glycerol and viewed with a compound microscope under Generation of Math1 
